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Abstract

:

In this work, we present the generation of two distinct types of soliton pulses using a Bismuth Selenide (Bi2Se3) saturable absorber (SA) synthesized in our laboratory. The soliton pulses were generated in two different laser cavity configurations, resulting in two types of solitons: a soliton pulse with Kelly sidebands and a bunched soliton pulse with peak-dip sidebands. Both solitons operated at the fundamental repetition rate—23.3 MHz (for the soliton with Kelly sidebands) and 13 MHz (for the bunched soliton with peak-dip sidebands). We observed that the accumulation of nonlinear phase shift from the added single mode fiber (SMF) split the single soliton pulse into 44 pulses in a bunched oscillation envelope. At the same time, peak-dip sidebands were imposed on the bunched soliton spectrum due to constructive and destructive interferences between soliton pulse and dispersive waves. The measured pulse width for both solitons were 0.63 ps (for the soliton with Kelly sidebands) and 1.52 ps (for the bunched soliton with peak-dip sidebands), respectively. Our results demonstrate the potential of Bi2Se3 SAs in generating different types of soliton pulses, which could have potential applications in various areas of optical communication and spectroscopy.
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1. Introduction


The pulse laser was first observed in 1985 in solid-state lasers using dye lasers [1]. Since then, the technology has advanced rapidly, especially with the introduction of the Semiconductor Saturable Absorber Mirror (SESAM) in 1996 by U. Keller et al. [2]. Alternative pulsing methods were also demonstrated in Erbium Doped Fiber Lasers (EDFL) in 1992 via the Nonlinear Polarization Rotation (NPR) technique [3]. These advances have attracted tremendous interest among researchers due to their broad range of applications in optical communication, material processing, and medical fields [4,5,6].



Today, there are many types of pulses produced to cater to different applications, making it important to understand pulse dynamics and characteristics. Fiber lasers provide an excellent platform for the in-depth study of pulse dynamics. Various mode-locked pulses have been reported, including the generation of single soliton and multiple solitons. Initial works revealing single and multiple solitons were centered around artificial SA [7], namely nonlinear polarization rotation (NPR) [8,9,10,11], nonlinear amplifying loop mirror (NALM) [12], and spectral effect [13].



The understanding of single solitons in a fiber laser is relatively straightforward, but for multiple solitons, there are several mechanisms that cause multiple soliton formation, including wave-breaking, soliton peak clamping, spectral filtering, and soliton shaping of dispersive waves. Various pulse dynamics on multiple solitons dynamics were reported such as bunched soliton [14], bound soliton [15], and soliton rain [16], with careful consideration being given to light polarization, pump power, and the cavity design of a fiber laser. Additionally, various researchers have studied and described variations in soliton sidebands. While the soliton pulse is always accompanied by Kelly sidebands, other less common sidebands have also been reported, namely peak-dip and dip soliton sidebands. Han and Yun [17] experimentally observed three types of sidebands for the first time by adjusting the polarization state of light in the laser cavity via the NPR technique. They claimed that the formation of peak-dip and dip sidebands was attributed to periodic power variation. Du et al. [18] indicated that the dip-type soliton was due to destructive interference between dispersive waves and solitons in their theoretical and numerical work.



Research is still ongoing with these two pulsing techniques, but lately, the research on multiple pulse dynamics and the variation of soliton sidebands has intensified with the discovery of novel materials to replace SESAM. Single soliton pulses, as well as various multiple soliton pulses and their profiles, were demonstrated in fiber lasers with the utilization of saturable absorbers (SA), including graphene [19,20,21], graphene oxide [22,23], carbon nanotube [24,25,26,27,28], transition metal dichalcogenide (TMD) [29,30,31], Topological Insulator (TI) [32,33,34], Black Phosphorus (BP) [35,36,37], and MXene [38,39,40]. The focus of researches has shifted to real SA from artificial SA due to their broadband saturable absorption properties, fast relaxation time, low saturation fluency, and simple fabrication process. Disordered multiple soliton, bunched soliton, and higher order harmonic mode locking were obtained by fine-tuning the light polarization in a work conducted by Meng et al. [20] using graphene SA. Liang et al. [41] confirmed the generation and transformation of bound soliton to bunched soliton when the pump power was increased through the utilization of MoS2 SA. Bound soliton evolved into bunched soliton to neutralize the accumulation of nonlinear effects in the laser cavity with the increment of pump power. Additionally, Yu et al. [42] coated BP on a tapered fiber to achieve single soliton pulse and bunched soliton with a total of 25 solitons in a single bunch at 37th harmonics. The single fundamental soliton grew into soliton bunches as the pump power was increased up to 322 mW. On the other hand, Guo et al. [43] experimentally studied on six different types of unusual sidebands by adjusting the pump strength and light polarization with the aid of WS2 SA.



In this work, we report the formation of single soliton pulses and bunch solitons utilizing Bi2Se3 (Bismuth Selenide) as an SA in two different laser cavity setups. Bi2Se3 was fabricated in our laboratory. TI is similar to graphene, possessing a large bandgap and a single Dirac cone, along with low saturation intensity, which serves as a potential pulse initiator. It behaves similarly to a metal at the outer layer but is insulating at the inner layer, with an energy bandgap of 0.2–0.3 eV. These unique properties suggest that TI exhibits excellent SA properties. In the past few years, works related to TI SA were published by various groups of researchers. Xu et al. [44] used a high modulation depth of 88% Bi2Se3 to generate mode-locked soliton with a pulse width of 579 fs at 1500 nm. Ahmad et al. [45] used Sb2Te3 SA to generate pulsing at the 2 um region. Another interesting finding was demonstrated using Sb2Te3 deposited on a microfiber to produce bound soliton with harmonic mode-locking [46]. A 22 nm wavelength tunable dissipative soliton was revealed by Wang et al. [47] using Bi2Te3 SA. Lately, a new member of TI, regarded as Bi4Br4 was reported by Liu et al. [48], with a high output power of 20 mW. They claimed that Bi4Br4 can withstand the high pump power. In this work, we observed a single soliton pulse with conventional Kelly sidebands from a simple cavity setup with Erbium fiber as the gain medium. The attainable repetition rate and pulse width was 23.3 MHz and 0.63 ps, respectively. When a section of single-mode fiber (SMF) was added to the existing cavity, we generated a bunch soliton. A total of 44 pulses were generated in the bunch soliton regime, and we observed interesting variations in the soliton sidebands. This peculiar soliton exhibited a repetition rate of 13 MHz and pulse width 1.52 ps. Our findings highlight the potential of Bi2Se3 as an effective SA in fiber lasers and contribute to the ongoing research regarding multiple soliton dynamics and soliton sideband variations.




2. Experimental Setup


Figure 1a shows the configuration of the proposed TI-based mode-locked EDFL. The components used to construct the fiber laser were a wavelength division multiplexer (WDM), a polarization controller (PC), an isolator, and 95:5 coupler. The gain medium used was 3 m long EDF. The EDF had the following properties: core and cladding diameters of 4 μm and 125 μm, respectively, Erbium concentration of 2000 ppm and dispersion parameter of −21.64 ps/nm.km at wavelength 1550 nm. A 1480 nm laser diode was used to pump the EDF via 1480/1550 WDM. The remaining cavity consisted of a single mode fiber with a dispersion coefficient of 17 ps/nm.km at a wavelength of 1545 nm. The isolator forced the light to propagate in one single direction to enable lasing. PC was used to adjust the light polarization for optimum performance. A portion of light was extracted at the 5% port of 95:5 coupler for monitoring and laser characterization purposes. The Optical Spectrum Analyzer (OSA-Yokogawa AQ6370B) with a spectral resolution of 0.02 nm was employed to observe the pulse spectrum while the pulse repetition rate was recorded with an oscilloscope (Tektronix TDS3052C) in the form of an electrical signal via a 1.2 GHz bandwidth photodetector. Pulse width and pulse stability were measured using an auto-correlator and RF spectrum analyzer, respectively. The total cavity length was estimated to be 8.6 m long, while the total Group Delay Dispersion (GDD) was −0.19 ps2. The laser cavity was operating in the anomalous dispersion region.



We have previously published work on Bi2Se3 SA for Q-switching and mode-locking. In brief, 5 mg of Bi2Se3 was dissolved in 50 mL isopropyl alcohol by using a hotplate and a magnetic stirrer. After the mixing process, the solution was ultrasonicated to produce a stable composite solution. The optical deposition technique was adopted to transfer the solution to fiber ferrule. Its physical and chemical properties were characterized using FESEM, Raman Spectroscopy, and EDX. The size of the Bi2Se3 Raman peaks were approximately 3–4 nm. Our findings regarding its physical and chemical composition matched well with the work published by others. The dual optical power meter technique was used to characterize its saturable absorption. The nonlinear absorption behavior of SA can be modelled with the following equation:


  T   I   = 1 − ∆ T e x p   −   − I     I   s a t       −   α   n s    



(1)




where   ∆ T   is the modulation depth,   I   is the input intensity,     I   s a t     is the saturation inten-sity, and     α   n s     is non-saturable absorption. It exhibited a modulation depth of 39.8% and a saturation intensity of 90.2 MW/cm2.



A detailed description of the preparation of Bi2Se3 SA can be viewed in reference [49]. The prepared Bi2Se3 SA was deposited on fiber ferrule and subsequently positioned in between EDF and PC. Figure 1b depicts another laser cavity configuration similar to Figure 1a, with the cavity length extended by using a section of 11.8 m long SMF. The overall cavity length was ~15.4 m, with a net anomalous total Group Delay Dispersion (GDD) of −0.39 ps2.




3. Results and Discussion


3.1. Single Soliton Pulse with Conventional Kelly Sidebands


With the high modulation depth of Bi2Se3 SA, self-starting mode locking was initiated at a relatively low pump power of 39.3 mW. The nonlinear saturable absorption characteristics of SA assisted the pulse formation and released short optical pulses. Figure 2a illustrates the soliton mode-locked spectrum captured at OSA at the pump power of 39.3 mW. The center wavelength was located at 1565 nm, with a peak power of −36.3 dBm. The 3 dB bandwidth was measured at 7.9 nm. The presence of spikes on the spectrum indicated that it was a soliton pulse. A total of four pairs of pronounced Kelly sidebands are visible on the spectrum. This is the typical pulse spectrum characteristics operating in the anomalous region. When the soliton was propagating in the fiber laser cavity, it produced dispersive waves due to periodic perturbations. The construction interference between soliton pulse and the dispersive waves formed the Kelly sidebands.



The temporal characteristics of the pulse are shown in Figure 2b,c. The oscillation trace of the soliton pulse in Figure 2b revealed that the peak-to-peak separation was 42.9 ns. The soliton pulse was repeating at the fundamental frequency of 23.3 MHz. The soliton pulse width (τ) was measured using an auto-correlator. Figure 2c describes the experimental autocorrelation (solid line) trace, which follows the sech2 fitting (dotted line) almost perfectly using the auto-correlator, with pulse width measurement τ taken at 0.63 ps. In Figure 2d, the stability of the pulse revealed an optical signal to noise ratio (OSNR) of more than 38 dB at a frequency of 23.3 MHz, according to the RF spectrum analyzer. The output power of the soliton mode-locked fiber laser measured with the power meter was recorded. Figure 2e summarizes the average power (refer blue arrow) and pulse energy (refer red arrow) with the increment of pump power from 39.3 mW to 175.8 mW. Both average power and pulse energy increased throughout the increment of pump power. The average power increased from 1.20 to 3.92 mW, while for pulse energy, it increased from 0.05 nJ to 0.17 nJ.




3.2. Bunched Soliton with Peak-Dip Sidebands


A section of SMF with a length of 11.8 m was added into the existing laser cavity configuration. A 1480 nm laser diode was gradually increased, the CW lasing changed into pulsed lasing when the pump power reached the threshold of 44.9 mW by carefully tuning the light polarization via PC. Compared to the previous set-up, the mode-locking threshold was slightly higher due to the insertion of SMF. The pump power was further increased to the maximum available pump power, and the mode-locked pulsing operation was maintained. Figure 3a shows the optical spectrum of the mode-locked pulse generated from the extended fiber laser cavity. Interestingly, the soliton mode-locked spectrum observed at OSA is different compared to the earlier setup. The spectrum was almost identical to the spectrum published by Han and Yun [17]. Peculiar sidebands were noticed and regarded as peak-dip sidebands. Many pairs of similar peak-dip sidebands could be located on the spectrum. Similar to Kelly sidebands, the peak sidebands were formed due to constructive interference between the soliton and dispersive waves. When the phase difference between the soliton and dispersive waves was 2πm (m is an integer), constructive interference took place, and this resulted in the formation of peak sidebands. On the other hand, when the phase difference was (2πm + 1), dip sidebands appeared due to destructive interference between the soliton pulse and dispersive wave. The center wavelength of the spectrum was located at 1559.4 nm and the 3-dB bandwidth of the spectrum is about 2.7 nm.



Figure 3b–d illustrates the oscillation trace of the mode-locked fiber laser at different time spans. According to the oscilloscope, the repetition rate was ascertained at 13 MHz, with peak-to-peak oscillation trace spacing being observed at 76.9 ns. It matched the cavity length with pulse oscillating at the fundamental frequency. An enhanced view of the soliton pulse can be seen in Figure 3c,d. The adjacent envelopes were evenly spaced apart. Figure 3d shows the zoom in view at a single oscillation trace at the time span of 6 ns. It was revealed that there were as many as 44 pulses bunched together in one single envelope of oscillation trace. The 44 pulses were not consistently spaced apart. In this extended laser cavity, the circulating soliton pulse accumulated additional nonlinear phase shift, and this caused the soliton pulse to break as the pulse obtained more energy once the mode-locking threshold was reached. The voltage intensity in Figure 3b–d has a non-zero pedestal. It is believed that the soliton pulse generated is a combination of bright and dark soliton pulse, at its vertical and horizontal axis. Dark solitons are characterized by their dip in intensity at the oscilloscope trace. The bunched soliton pulse width was measured using an autocorrelator, and Figure 3e displays the auto correlation trace (solid line) of 1.52 ps, if a sech2 pulse profile (dotted line) is assumed. Figure 3f shows the RF spectrum of the bunched soliton pulse. The OSNR was determined at 78 dB and at a frequency of 13 MHz. This signified that the fiber laser was stable in the laboratory environment. The average power and pulse energy were tabulated with respect to pump power as in Figure 3g. Both average power (refer blue arrow) and pulse energy (refer red arrow) increased with the pump power. The highest output power and pulse energy were measured at 2.75 mW and 0.211 nJ, respectively, at a pump power of 176 mW. This mode-locking process was weakly aided with a nonlinear polarization rotation effect (NPR) by using the additional SMF.





4. Conclusions


We synthesized Bi2Se3 SA in our laboratory and successfully proved that it was functioning perfectly as SA. Conventional soliton with Kelly sidebands and bunched soliton with peak-dip sidebands were obtained from two different laser cavity set ups. Both pulses were operating at the fundamental frequency—23.3 MHz and 13 MHz, respectively. There was a total of 44 pulses in a bunched soliton envelope—obtained from the cavity with extended SMF. The accumulated nonlinear phase shift caused the pulse to break into many soliton pulses in a single oscillation envelope. Constructive and destructive interference between soliton and dispersive waves occurred, and it resulted in peak-dip sidebands at the bunched soliton spectrum.







Author Contributions


Conceptualization, methodology and validation, H.H., M.B., I.S. and A.R.M.; formal analysis, J.S. and T.S.J.; writing—original draft preparation, H.H. and I.S.; writing—review and editing, A.M.M., A.R.M., S.W.H. and H.H.; visualization, M.M.I.M.H., H.A.Z. and J.S.; supervision, I.S.; project administration, I.S. and M.B.; funding acquisition, I.S. and M.B. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Ministry of Higher Education Malaysia (MOHE) under the Fundamental Research Grant Scheme (FRGS) with grant number (FRGS/1/2021/TK0/UKM/02/34).




Data Availability Statement


Data are available for anyone who wants to look at it with reasonable arguments. Please contact the corresponding author.




Acknowledgments


The authors would like to thank the research facilities at the Photonics Engineering Laboratory, University of Malaya (UM), the School of Electrical Engineering, University Teknologi MARA (UiTM), the Nanophotonics Laboratory, Institute of Microengineering and Nanoelectronics, Universiti Kebangsaan Malaysia (UKM), UOW Malaysia PGRC and INTI International University for the research support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Carter, G.; Thakur, M.; Chen, Y.; Hryniewicz, J. Time and wavelength resolved nonlinear optical spectroscopy of a polydiacetylene in the solid state using picosecond dye laser pulses. Appl. Phys. Lett. 1985, 47, 457–459. [Google Scholar] [CrossRef]

	



Keller, U.; Weingarten, K.J.; Kartner, F.X.; Kopf, D.; Braun, B.; Jung, I.D.; Fluck, R.; Honninger, C.; Matuschek, N.; Der Au, J.A. Semiconductor saturable absorber mirrors (SESAM’s) for femtosecond to nanosecond pulse generation in solid-state lasers. IEEE J. Sel. Top. Quantum Electron. 1996, 2, 435–453. [Google Scholar] [CrossRef]

	



Matsas, V.; Newson, T.; Richardson, D.; Payne, D.N. Self-starting, passively mode-locked fibre ring soliton laser exploiting non-linear polarisation rotation. Electron. Lett. 1992, 28, 1391–1393. [Google Scholar] [CrossRef]

	



Tamura, K. Short pulse lasers and their applications to optical communications. In Proceedings of the 1999 IEEE LEOS Annual Meeting Conference, LEOS’99, 12th Annual Meeting, IEEE Lasers and Electro-Optics Society 1999 Annual Meeting (Cat. No. 99CH37009), San Francisco, CA, USA, 8–11 November 1999; pp. 537–538. [Google Scholar]

	



Voisiat, B.; Gaponov, D.; Gečys, P.; Lavoute, L.; Silva, M.; Hideur, A.; Ducros, N.; Račiukaitis, G. Material processing with ultra-short pulse lasers working in 2 µm wavelength range. In Proceedings of the Laser Applications in Microelectronic and Optoelectronic Manufacturing (LAMOM) XX, San Francisco, CA, USA, 9–12 February 2015; pp. 120–127. [Google Scholar]

	



Plamann, K.; Aptel, F.; Arnold, C.; Courjaud, A.; Crotti, C.; Deloison, F.; Druon, F.; Georges, P.; Hanna, M.; Legeais, J.-M. Ultrashort pulse laser surgery of the cornea and the sclera. J. Opt. 2010, 12, 084002. [Google Scholar] [CrossRef]

	



Kobtsev, S.M. Artificial saturable absorbers for ultrafast fibre lasers. Opt. Fiber Technol. 2022, 68, 102764. [Google Scholar] [CrossRef]

	



Tan, S.J.; Harun, S.W.; Arof, H.; Ahmad, H. Switchable Q-switched and mode-locked erbium-doped fiber laser operating in the L-band region. Chin. Opt. Lett. 2013, 11, 073201. [Google Scholar]

	



Dong, Z.; Lin, J.; Li, H.; Zhang, Y.; Gu, C.; Yao, P.; Xu, L. Er-doped mode-locked fiber lasers based on nonlinear polarization rotation and nonlinear multimode interference. Opt. Laser Technol. 2020, 130, 106337. [Google Scholar] [CrossRef]

	



Zhao, B.; Tang, D.Y.; Zhao, L.; Shum, P.; Tam, H.Y. Pulse-train nonuniformity in a fiber soliton ring laser mode-locked by using the nonlinear polarization rotation technique. Phys. Rev. A 2004, 69, 043808. [Google Scholar] [CrossRef]

	



Tan, S.J.; Tiu, Z.C.; Harun, S.W.; Ahmad, H. Sideband-controllable soliton pulse with bismuth-based erbium-doped fiber. Chin. Opt. Lett. 2015, 13, 111406. [Google Scholar] [CrossRef]

	



Chernysheva, M.A.; Krylov, A.A.; Kryukov, P.G.; Dianov, E.M. Nonlinear amplifying loop-mirror-based mode-locked thulium-doped fiber laser. IEEE Photonics Technol. Lett. 2012, 24, 1254–1256. [Google Scholar] [CrossRef]

	



Yan, D.; Li, X.; Zhang, S.; Liu, J. Pulse dynamic patterns in a self-starting Mamyshev oscillator. Opt. Express 2021, 29, 9805–9815. [Google Scholar] [CrossRef] [PubMed]

	



Lin, S.-F.; Wang, H.-Y.; Su, Y.-C.; Chi, Y.-C.; Lin, G.-R. Multi-order bunched soliton pulse generation by nonlinear polarization rotation mode-locking erbium-doped fiber lasers with weak or strong polarization-dependent loss. Laser Phys. 2014, 24, 105113. [Google Scholar] [CrossRef]

	



Wu, C.; Yao, Y.; Wu, Q.; Yang, Y.; Tian, J.; Xu, K. Evolutions of versatile wavelength-dependent bound solitons. Opt. Fiber Technol. 2021, 66, 102643. [Google Scholar] [CrossRef]

	



Wang, F.; Zhang, X.; Cui, J. Generation of soliton rain in a passive mode-locked Tm-doped fiber laser at 2 µm. Opt. Laser Technol. 2020, 128, 106228. [Google Scholar] [CrossRef]

	



Han, D.; Yun, L. Observations of three types of sidebands in a passively mode-locked soliton fiber laser. Laser Phys. 2012, 22, 1837–1841. [Google Scholar] [CrossRef]

	



Du, Y.; Shu, X.; Cao, H.; Cheng, P. Dynamics of dispersive wave and regimes of different kinds of sideband generation in mode-locked soliton fiber lasers. J. Sel. Top. Quantum Electron. 2017, 24, 1101408. [Google Scholar] [CrossRef]

	



Haris, H.; Harun, S.; Anyi, C.; Muhammad, A.; Ahmad, F.; Tan, S.; Nor, R.; Zulkepely, N.; Ali, N.; Arof, H. Generation of soliton and bound soliton pulses in mode-locked erbium-doped fiber laser using graphene film as saturable absorber. J. Mod. Opt. 2016, 63, 777–782. [Google Scholar] [CrossRef]

	



Meng, Y.; Zhang, S.; Li, X.; Li, H.; Du, J.; Hao, Y. Multiple-soliton dynamic patterns in a graphene mode-locked fiber laser. Opt. Express 2012, 20, 6685–6692. [Google Scholar] [CrossRef] [PubMed]

	



Tang, P.; Luo, M.; Zhao, T.; Mao, Y. Generation of noise-like pulses and soliton rains in a graphene mode-locked erbium-doped fiber ring laser. Front. Inf. Technol. Electron. Eng. 2021, 22, 303–311. [Google Scholar] [CrossRef]

	



Markom, A.M.; Tan, S.J.; Haris, H.; Paul, M.C.; Dhar, A.; Das, S.; Harun, S.W. Experimental observation of bright and dark solitons mode-locked with zirconia-based erbium-doped fiber laser. Chin. Phys. Lett. 2018, 35, 024203. [Google Scholar] [CrossRef]

	



Yap, Y.; Chong, W.; Razgaleh, S.; Huang, N.; Ong, C.; Ahmad, H. Performance of Q-switched fiber laser using optically deposited reduced graphene oxide as saturable absorber. Fiber Integr. Opt. 2022, 41, 26–40. [Google Scholar] [CrossRef]

	



Zhao, X.; Zheng, Z.; Liu, Y.; Hu, G.; Liu, J. Dual-wavelength, bidirectional single-wall carbon nanotube mode-locked fiber laser. IEEE Photonics Technol. Lett. 2014, 26, 1722–1725. [Google Scholar] [CrossRef]

	



Song, Y.-W.; Yamashita, S.; Goh, C.S.; Set, S.Y. Carbon nanotube mode lockers with enhanced nonlinearity via evanescent field interaction in D-shaped fibers. Opt. Lett. 2007, 32, 148–150. [Google Scholar] [CrossRef] [PubMed]

	



Cho, W.B.; Schmidt, A.; Yim, J.H.; Choi, S.Y.; Lee, S.; Rotermund, F.; Griebner, U.; Steinmeyer, G.; Petrov, V.; Mateos, X. Passive mode-locking of a Tm-doped bulk laser near 2 µm using a carbon nanotube saturable absorber. Opt. Express 2009, 17, 11007–11012. [Google Scholar] [CrossRef]

	



Taib, N.A.M.; Bidin, N.; Haris, H.; Adnan, N.N.; Ahmad, M.F.S.; Harun, S.W. Multi-walled carbon nanotubes saturable absorber in Q-switching flashlamp pumped Nd: YAG laser. Opt. Laser Technol. 2016, 79, 193–197. [Google Scholar] [CrossRef]

	



Haris, H.; Anyi, C.; Ali, N.; Arof, H.; Ahmad, F.; Nor, R.; Zulkepely, N.; Harun, S. Passively Q-switched erbium-doped fiber laser at L-band region by employing multi-walled carbon nanotubes as saturable absorber. J. Optoelectron. Adv. Mater. 2014, 8, 1025–1028. [Google Scholar]

	



Kadir, N.; Ismail, E.I.; Latiff, A.A.; Ahmad, H.; Arof, H.; Harun, S.W. Transition metal dichalcogenides (WS2 and MoS2) saturable absorbers for mode-locked erbium-doped fiber lasers. Chin. Phys. Lett. 2017, 34, 014202. [Google Scholar] [CrossRef]

	



Mao, D.; She, X.; Du, B.; Yang, D.; Zhang, W.; Song, K.; Cui, X.; Jiang, B.; Peng, T.; Zhao, J. Erbium-doped fiber laser passively mode locked with few-layer WSe2/MoSe2 nanosheets. Sci. Rep. 2016, 6, 23583. [Google Scholar] [CrossRef] [PubMed]

	



Mohanraj, J.; Velmurugan, V.; Sivabalan, S. Transition metal dichalcogenides based saturable absorbers for pulsed laser technology. Opt. Mater. 2016, 60, 601–617. [Google Scholar] [CrossRef]

	



Liu, H.; Zheng, X.-W.; Liu, M.; Zhao, N.; Luo, A.-P.; Luo, Z.-C.; Xu, W.-C.; Zhang, H.; Zhao, C.-J.; Wen, S.-C. Femtosecond pulse generation from a topological insulator mode-locked fiber laser. Opt. Express 2014, 22, 6868–6873. [Google Scholar] [CrossRef] [PubMed]

	



Luo, A.-P.; Liu, H.; Zhao, N.; Zheng, X.-W.; Liu, M.; Tang, R.; Luo, Z.-C.; Xu, W.-C. Observation of three bound states from a topological insulator mode-locked soliton fiber laser. IEEE Photonics J. 2014, 6, 1501508. [Google Scholar]

	



Sotor, J.; Sobon, G.; Abramski, K.M. Sub-130 fs mode-locked Er-doped fiber laser based on topological insulator. Opt. Express 2014, 22, 13244–13249. [Google Scholar] [CrossRef]

	



Chen, Y.; Chen, S.; Liu, J.; Gao, Y.; Zhang, W. Sub-300 femtosecond soliton tunable fiber laser with all-anomalous dispersion passively mode locked by black phosphorus. Opt. Express 2016, 24, 13316–13324. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Z.; Xu, Y.; Dhanabalan, S.C.; Sophia, J.; Zhao, C.; Xu, C.; Xiang, Y.; Li, J.; Zhang, H. Black phosphorus quantum dots as an efficient saturable absorber for bound soliton operation in an erbium doped fiber laser. IEEE Photonics J. 2016, 8, 1503310. [Google Scholar] [CrossRef]

	



Luo, Z.-C.; Liu, M.; Guo, Z.-N.; Jiang, X.-F.; Luo, A.-P.; Zhao, C.-J.; Yu, X.-F.; Xu, W.-C.; Zhang, H. Microfiber-based few-layer black phosphorus saturable absorber for ultra-fast fiber laser. Opt. Express 2015, 23, 20030–20039. [Google Scholar] [CrossRef] [PubMed]

	



Gao, B.; Li, Y.-Y.; Ma, C.-Y.; Shu, Y.-Q.; Wu, G.; Chen, B.-K.; Huo, J.-Y.; Han, Y.; Liu, L.; Zhang, Y. Ta4C3 MXene as a saturable absorber for femtosecond mode-locked fiber lasers. J. Alloys Compd. 2022, 900, 163529. [Google Scholar] [CrossRef]

	



Yan, X.; Jiang, M.; Li, E.; Kang, X.; Ren, Z.; Li, D.; Wang, T.; Lu, B. Tunable high-order harmonic and dual-wavelength mode-locking in Er-doped fiber laser based on Ti3C2T x-Mxene. Appl. Phys. Express 2021, 14, 012009. [Google Scholar] [CrossRef]

	



Li, G.; Liu, J.; Wang, F.; Nie, H.; Wang, R.; Yang, K.; Zhang, B.; He, J. Third-Order Nonlinear Optical Response of Few-Layer MXene Nb2C and Applications for Square-Wave Laser Pulse Generation. Adv. Mater. Interfaces 2021, 8, 2001805. [Google Scholar] [CrossRef]

	



Liang, H.; Wang, Z.; He, R.; Liu, Y.; Li, H.; Ni, L.; Wang, Z. Evolution of complex pulse-bunches in a bound-state soliton fiber laser. IEEE Photonics Technol. Lett. 2018, 30, 1475–1478. [Google Scholar] [CrossRef]

	



Yu, H.; Zheng, X.; Yin, K.; Jiang, T. Thulium/holmium-doped fiber laser passively mode locked by black phosphorus nanoplatelets-based saturable absorber. Appl. Opt. 2015, 54, 10290–10294. [Google Scholar] [CrossRef] [PubMed]

	



Guo, B.; Lyu, Q.; Yao, Y.; Wang, P. Direct generation of dip-type sidebands from WS 2 mode-locked fiber laser. Opt. Mater. Express 2016, 6, 2475–2486. [Google Scholar] [CrossRef]

	



Xu, Y.; Xie, H.; Jiang, G.; Miao, L.; Wang, K.; Tang, S.; Yu, X.; Zhang, H.; Bao, Q. Bilayer bismuth selenide nanoplatelets based saturable absorber for ultra-short pulse generation. Opt. Commun. 2017, 395, 55–60. [Google Scholar] [CrossRef]

	



Ahmad, H.; Makhfuz, M.J.M.; Yusoff, N.; Reduan, S.A. Thulium holmium-doped fiber laser mode-locked using Sb2Te3 saturable absorber coated arc-shaped fiber. Infrared Phys. Technol. 2022, 125, 104228. [Google Scholar] [CrossRef]

	



Wang, Z.; Li, C.; Ye, J.; Wang, Z.; Liu, Y.-G. Generation of harmonic mode-locking of bound solitons in the ultrafast fiber laser with Sb2Te3 saturable absorber on microfiber. Laser Phys. Lett. 2019, 16, 025103. [Google Scholar] [CrossRef]

	



Wang, Q.; Chen, Y.; Miao, L.; Jiang, G.; Chen, S.; Liu, J.; Fu, X.; Zhao, C.; Zhang, H. Wide spectral and wavelength-tunable dissipative soliton fiber laser with topological insulator nano-sheets self-assembly films sandwiched by PMMA polymer. Opt. Express 2015, 23, 7681–7693. [Google Scholar] [CrossRef]

	



Liu, W.; Xiong, X.; Liu, M.; Xing, X.; Chen, H.; Ye, H.; Han, J.; Wei, Z. Bi4Br4-based saturable absorber with robustness at high power for ultrafast photonic device. Appl. Phys. Lett. 2022, 120, 053108. [Google Scholar] [CrossRef]

	



Haris, H.; Harun, S.; Muhammad, A.; Anyi, C.; Tan, S.; Ahmad, F.; Nor, R.; Zulkepely, N.; Arof, H. Passively Q-switched Erbium-doped and Ytterbium-doped fibre lasers with topological insulator bismuth selenide (Bi2Se3) as saturable absorber. Opt. Laser Technol. 2017, 88, 121–127. [Google Scholar] [CrossRef]








[image: Nanomaterials 13 01538 g001 550] 





Figure 1. Experimental setup of the proposed soliton mode-locked EDFL with Bi2Se3 SA, (a) typical setup for single soliton pulse, (b) bunched soliton setup. 
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Figure 2. Characteristics of soliton pulse with Kelly sidebands at a pump power of 39.3 mW: (a) optical spectrum, (b) oscillation trace, (c) pulse width measurement, (d) RF spectrum, and (e) average output power and pulse energy against pump power. 
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Figure 3. Output traces of soliton pulse with peak-dip sidebands: (a) OSA, (b) oscilloscope at 1500 ns time span, (c) oscilloscope at 500 ns time span, (d) oscilloscope at 6 ns time span, (e) autocorrelator, (f) RF spectrum analyzer, (g) average output power, and pulse energy against pump power; at the fixed pump power of 176 mW. 
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